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Abstract pulses, the physical forces that drive the wave are difteren
Plasma accelerators may be driven by the ponderom onsider the electroq plasma dgn_sny perturbation gxmted
y @ laser or beam driver. Combining the plasma fluid mo-

tive force of an intense laser or the space-charge force o Cntum equation. plasma continity equation. and Gauss's
charged particle beam. Plasma wake excitation driven um equation, pt inurty equation, >aul
w, in the linear regime, the electron plasma density per-

lasers or particle beams is examined, and the iIT]plicatioturbation in an initially uniform plasma takes the form of a
of the different physical excitation mechanisms for accel- . . yul P
driven harmonic oscillation [1]

erator design are discussed.
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Plasma-based accelerators [1] have attracted ConSidWﬁeren is the plasma electron density, the ambient den-
able attention owing to the ultrahigh field gradients Suss'ity w, = (4mnoe?/m)"/2 is the plasma frequencyn
1 p -

tainable in a plasma wave, enabling compact au:celeratome electron mass; e the electron chargey, is the beam
These relativistic plasma waves are excited by displacir@ensity and: — eA/mc? is the normalized vector poten-

elegtro.ns in a neutral plasma. TWO. basic mechamsms fﬂﬁl of the laser. The drive term [on the right-hand side of
excitation of plasma waves are actively being researched:

. T . ] Eq. (1)] can either be a particle beam,) or a laser pulse
(|)_ excitation by the n(_)nllnear ponderor_potlve_ fo_rce (radi a?). As seen from Eq. (1) there are some common fea-
ation pressure) of an intense laser or (ii) excitation by th

h ; fad h q icle b res of beam-driven and laser-driven excitation. For ex-
space-charge force ot a dense charge par_t|c € beam. ample, the accelerating bucket size is given by the plasma
There has been significant recent experimental succ

%ﬁvelength/\p = 2mc/wy,. The wave excitation is most

using lasers a_md particle beam drivers for plasma accel%rﬁicient for driver durations less than, or on the order of,
ation. In particular, for laser-plasma accelerators (DPASs, plasma period. The phase velocity of the wave is de-

the demonstration at LBNL in 2006 of high-quality, 1 GeViermined by the driver velocity. And the characteristic ac-

electron beams produced in approximately 3 cm plasma u@élerating field for large density perturbations & 7o)

ing a 40 TW laser [2]. In 2007,' for beam-driven pIasma} on the order of the cold nonrelativistic wavebreaking
accelerators, or plasma-wakefield accelerators (PWFA§-e|d Ey = mew,fe. For example, a plasma density of
= /e ,

the energy doubling over a meter to 42 GeV of a fraciols cm3, yields \, ~ 33 um andE, ~ 96 GV/m; this

tion of beam electron_s on the tail of an electron beam bﬁ’eld is approximately three orders of magnitude greater
the plasma wave excited by the head was demonstratedtﬁén that obtained in conventional linacs

SLAC [3]. These experimental successes have resulted 'nAIthough, from Eq. (1), excitation of the plasma den-
further interest in the development of plasma-based acc%I
eration as a basis for a linear collider, and preliminary col
lider designs using laser drivers [4] and beam drivers [5
are being developed.

The different physical mechanisms of plasma wave e
citation, as well as the typical characteristics of the @y

ity perturbation from either beam or laser drivers appears
quivalent, the field structure is different. Consider anhea
river (@ = 0) in the linear regime; the longitudinal and
transverse fields are, assuming cylindrical symmetry and a
)ﬁighly-relativistic drive beam, [6]

have implications for accelerator design. In the following 3 P ,

we identify the similarities and differences between wave E./Ey =~ kp/dC /’” dr” cos [ky(C = C')]

excitation by lasers and particle beams. The field structure % To(kyr< ) Ko (kyr=)ns (', ¢') /1o
P ¥4 ) )

of the plasma wave driven by lasers or particle beams is

discussed, as well as the regimes of operation (linear and

nonlinear wave). Limitations owing to driver emittance Ar&(E, — By)/Fy = — ki/dél /r’dr’ sin [k (¢ — ¢')]
also discussed.

)
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Although large amplitude, relativistic plasma waves (owhere( = z —ct is the co-moving variable. () are the
wakefields) can be driven either by particle beams or lassmaller (larger) of- andr/, andI,, and K, are modified

*Work was supported by the Director, Office of Science, Offiddigh Be§8e| functions Of, the th kind. Equatlons, (2) and (3)
Energy Physics, of the U.S. Department of Energy under @ontdo.  Indicate that the radial extent of the beam-driven wakedield
DE-AC02-05CH11231. is given by the larger of the plasma skin depl,jhl and the




beam radius. For narrow bunchés«, < 1, wherer, is asymmetry in the wake may be an issue if acceleration of
the beam radius) the fields extend a skin depth independqusitrons is desired (e.g., for high-energy physics applic

of the beam size. tions). Positrons can be accelerated and focused on the
For a laser driver;, = 0) in the linear regime, the fields electron density spike at the back of the cavity, where the
are given by [1] attractive properties of the nonlinear bubble regime ast lo

[11]. As the plasma wave becomes more nonlinear, the
E/E0 =— /dt’ sin [w, (t — t')] ﬁai’(t’)/z, (4) phase region where positron acceleration and focusing is
possible becomes narrower.
The radial extent of the fields driven by a laser is on the By reducing the laser intensity, the LPA enters the quasi-
order of the transverse laser intensity profile, i.e., tiseda linear regime. In the quasi-linear regime the fields are
spot size. Transversely, the laser ponderomotive force figarly symmetric for electrons and positron acceleration
determined by the local gradient in laser intensity. and focusing. In addition there is no self-trapping, sta-
It is desirable to have independent control over the adle laser propagation can be achieved in a plasma channel,
celerating and focusing forces in an accelerator, i.e., or@d the transverse focusing forces can be controlled via the
would like to independently tune the focusing forces fotransverse laser intensity profile as discussed above.
matched beam propagation. For a given normalized emit- Accessing the linear regime of PWFA (to facil-
tancee, and beam energy,, the matched spot size of itate positron acceleration) requireB,/FE;, < 1.
the beam is, = (e,/ksy)'/%, whereks is determined Assuming a bi-Gaussian electron beam  with
by the focusing force./(ymc*) = —kZr. For alaser k,r, < 1, the solution to Eq. (2) isE./Ey =~
driver, the transverse focusing force is determined, from/2m(ny/no)(kpL) exp (—k2L?/2)(kyry)? In(1/kyry) o
Eq. (4), by the local transverse gradient of the laser intenv,»n'/2.  Hence operating in the linear regime re-
sity F. o« 9,a*. Hence, by shaping the transverse lasequires low plasma density or low beam charge. For
intensity profile, the amplitude of the focusing force carfixed bunch charge (i.e., fixed driver energy to be
be controlled. In practice this may be done by combiningansferred to a witness bunch), operating in the lin-
higher-order laser modes [7], all of which can be guided iear regime requires low plasma densities. Lower
a parabolic plasma channel. plasma densities result in smaller accelerating gradients
Since the self-fields of the beam extend a plasma skiB, = 2Eqk,r. N, In(1/kprp) o< Ny/L? o< Nyn o< 1/Np.
depth, to shape the transverse fields in a PWFA requires us4n the nonlinear blow-out regime of PWFA, particle-
ing a broad beam such that the beam radius is many plasidacell simulations have shown [12] that the linear beam
skin depthsk,r, > 1. In this situation, the return current |ength scaling for the accelerating gradient holds in the
passes through the drive beam, and, as a consequence ribglinear regime, namelf, o« N,/L?> o Nyn, assum-
beam is subject to the filamentation instability [6]. ing the resonant conditioh, L ~ /2 (i.e., optimizing
Most present LPA or PWFA experiments operate in &he beam length). The operational density in the nonlin-
highly-nonlinear regime. This nonlinear regime is characear blow-out regime is determined simply by the availabil-
terized by expulsion of plasma electrons from behind thgy of short drive bunches, and the size of the accelerating
driver and formation of a co-moving ionic cavity. This non-field is proportional to the plasma density. For example,

linear regime has several attractive features for ele@on given a30 um beam length, indicates one should operate at
celeration. In particular, in the cavity, the focusing ®sc ~ 10!7 cm~2 to maximize the accelerating gradient.

are linear (determined by the ion density). — By)/Eo =
k,r/2, and the accelerating forces are transversely unifor
E./Ey = kp¢/2. The nonlinear PWFA regime, referred
to as the blow-out regime [8], requires the beam density be The phase velocity of the plasma wave is approximately
greater than the plasma density > no, and the beam di- equal to the driver propagation velocity. The velocity af th
mensions be less than a skin deph, < 1 andk,L < 1.  beam driver is typically ultra-relativistic, e.gy, = v, ~

This cavitated regime can also be accessed with a laseg*, These large phase velocities have several advantages:
driver [9, 10], and for laser drivers is referred to as theo trapping of background plasma electrons (dark current
bubble regime. The condition to enter this regime usfree), negligible slippage between the drive and a witness
ing a laser driver is given by the nonlinear ponderomabunch, and reduction of beam-plasma instabilities.
tive force balancing the space-charge force of the bare ionsfFor LPAs the phase velocity can be, comparatively, low.
ky 2V2 (14 a?)'/? ~ n/ng — 1, or, for a Gaussian pulse The wake phase velocity is approximately the laser driver
profile, a?/(1 + a*)'/? ~ k2r2/4. Therefore, for laser- propagation velocity (linear laser group velocity). Al-
drivers, by increasing the laser intensity, the nonlined-b though in the nonlinear regime the wake phase velocity is
ble regime can be accessed. Note that one can also aignificantly reduced due to laser evolution [14]. For exam-
ter this regime by using a sufficiently tight laser focus tgle, using\g = 1 um laser wavelength in typical plasma
produce a large transverse ponderomotive force. As thiensitiesn ~ 10'7—10' cm™3, the Lorentz factor of the
laser intensity increases, the regions of focusing and-deflinear laser group velocity is; ~ A, /Ao = 7, ~ 10-100.
cusing of electrons become highly asymmetric [1]. Thighis relatively low plasma wave phase velocity can allow

Wake phase velocity



trapping of background plasma electrons [13]. The lovaser drivers or particle beam drivers. The different phys-
phase velocity also results in slippage between the plasrital mechanisms, as well as the typical characteristics of
wave and the beam. The distance over which the beam slifree drivers, have important implications for the design of
from an accelerating to a decelerating region of the plasnmasma-based accelerators.

wave, or the dephasing length,fig,;, ~ /\,ﬁz. This slip- The field structure of the plasma wave can be strongly
page may limit the energy gaiftiy 713. One solution to dependent on the driver. For example, in the linear regime,
slippage is to taper the plasma density longitudinally [15}he fields of a tightly focused electron beam extend a
i.e., on the scale of the dephasing length, slowly increaggasma skin depth, independent of the transverse bunch
the plasma density, thereby decreasing the plasma wawtructure, and therefore shaping the transverse fields by
length )\, & n~'/2 and maintaining the phase of the beamshaping the drive bunch is problematic. In contrast, the

in the plasma wave. transverse fields of the LPA are determined by the lo-
cal transverse gradient in laser intensity, and theretoge t
Driver emittance transverse fields (and the focusing forces) can be cordrolle

Pl based lerati be limited by the | bly controlling the transverse laser intensity profile [7].
asma-based acceleration can be fimited by e [aSerry o o hjinear cavitated regime can be accessed by ei-

plasma or beam-plasma interaction length. This interElCtiQther a beam or laser driver. In this regime the phase region

Ie_ngth may be set by e|ther the charac'Fer|st|c- propagatiQfi, o e positron acceleration is possible is greatly reduced
distance of the driver, or driver-plasma instabilitiesr o For beam-drivers of fixed charge, operating in the linear

beam-driver, the characteristic scale length forbear‘ruevolregime (to facilitate positron acceleration) requiregsi

L T .
tion is the beta functiofy = 7r; /ey, over which the beam low plasma density (and consequently lower gradient).

diverges. In the nonlinear blow-out regime, the body of the In practice the phase velocity of the beam driven plasma

beam may _be self-gwaed n the cavity, but _the head Of_ thﬁave is typically much larger than the phase velocity of
beam (outside the cavity) will continue to diverge, Ieadmgghe laser-driven wave, > ~,. One consequence is the
to beam head erosion. The rate of head erosion will b J

tional to the b it A straiahtf d dSotential for self-trapping of background plasma elecéron
proportionalfo the beam emitiance. A straightiorward SGr, | pag - another consequence is slippage between a rela-
lution to extending the beam-plasma interaction length i

10 Use a low emittance beam. For example. using a be fivistic witness beam and a laser-driven plasma wave. This
ith i it L B 1071'8 ’ q 9 d ippage can limit the energy gain in a uniform plasma, but

with a geometric emittance @ /= m-radanda may be overcome using plasma tapering.

10 um beam radius, yields = 1 m.
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